Natural antisense transcripts (NATs) have been shown to play important roles in post-transcriptional regulation through the RNA interference pathway. We have combined pyrophosphate-based high-throughput sequencing and computational analysis to identify and analyze, in genome scale, cis-NAT and trans-NAT small RNAs that are derived under normal conditions and in response to drought and salt stresses in the staple plant Oryza sativa. Computationally, we identified 344 cis-NATs and 7142 trans-NATs that are formed by protein-coding genes. From the deep sequencing data, we found 108 cis-NATs and 7141 trans-NATs that gave rise to small RNAs from their overlapping regions. Consistent with early findings, the majority of these 108 cis-NATs seem to be associated with specific conditions or developmental stages. Our analyses also revealed several interesting results. The overlapping regions of the cis-NATs and trans-NATs appear to be more enriched with small RNA loci than non-overlapping regions. The small RNAs generated from cis-NATs and trans-NATs have a length bias of 21 nt, even though their lengths spread over a large range. Furthermore, >40% of the small RNAs from cis-NATs and trans-NATs carry an A as their 5Ј-terminal nucleotides. A substantial portion of the transcripts are involved in both cis-NATs and trans-NATs, and many trans-NATs can form many-to-many relationships, indicating that NATs may form complex regulatory networks in O. sativa. This study is the first genome-wide investigation of NAT-derived small RNAs in O. sativa. It reveals the importance of NATs in biogenesis of small RNAs and broadens our understanding of the roles of NAT-derived small RNAs in gene regulation, particularly in response to environmental stimuli.
Post-transcriptional gene regulation at the RNA level has been recently shown to be more widespread and important than previously assumed (Behm-Ansmant and Izaurralde 2006; Brodersen and Voinnet 2006) . While various regulatory RNA molecules have been reported in animals and plants, two prominent types of regulatory small RNAs are microRNAs (miRNAs) and endogenous short interfering RNAs (siRNAs). miRNAs can be encoded in their own genes, which are transcribed by RNA polymerase II or exist in introns of protein-coding genes (Bartel 2004; Jones-Rhoades et al. 2006) . Primary transcripts of miRNAs are processed to give rise to short 20-to 24-nt-long mature miRNAs. SiRNA species, on the other hand, seem to be diverse. In plants, up to date, four major groups of endogenous siRNAs-natural antisense siRNAs (nat-siRNAs) (Borsani et al. 2005; Katiyar-Agarwal et al. 2006; Jin et al. 2008) , trans-acting short interfering RNAs (tasiRNAs) (Allen et al. 2005; Williams et al. 2005; Axtell et al. 2006 ), heterochromatic siRNAs (Volpe et al. 2002; Moazed et al. 2006; Buhler et al. 2007) , and long siRNAs (lsiRNAs) (Katiyar-Agarwal et al. 2007 )-have been reported. In animals, the Piwiinteracting RNAs (O'Donnell and Boeke 2007) and nat-siRNAs (Czech et al. 2008; Ghildiyal et al. 2008; Kawamura et al. 2008; Okamura et al. 2008a,b) have been investigated. Both miRNAs and siRNAs are associated with Argonaute (AGO) proteins to form effector complexes, RNA-induced silencing complexes (RISCs). RISCs are guided by small RNAs within them to their RNA or chromatin targets based on sequence complementarity and trigger translational repression or cleavage of target mRNAs, or modification of target chromatin (Hannon 2002) . Sorting specific small RNAs into distinct AGOs is very important for posttranscription gene regulation and chromatin modification. In Arabidopsis, the 5Ј-terminal nucleotide of small RNAs is the most important factor in sorting them into different Argonaute complexes (Mi et al. 2008; Montgomery et al. 2008) .
Endogenous siRNAs can be derived from long, doublestranded RNAs (dsRNAs), which are formed by transcribed repeat sequences, products of RNA-dependent RNA polymerase (RdRP) activities, and overlapped reverse complementary transcripts (Ra-jagopalan et al. 2006) . Natural antisense transcripts (NATs) form double-stranded RNAs in their overlapping regions and have been reported in many model species. There are two classes of NATs, cis-NATs (Shendure and Church 2002; Osato et al. 2003; Yelin et al. 2003; Jen et al. 2005; Wang et al. 2005; Zhang et al. 2006; Henz et al. 2007; Jin et al. 2008 ) and trans-NATs (Rosok and Sioud 2004; Steigele and Nieselt 2005; Wang et al. 2006) . cis-NATs are formed by convergent or divergent antisense transcripts at the same genomic loci, while sense and antisense transcripts of trans-NATs are derived from different loci. Endogenous siRNAs derived from NATs are referred to as "natural antisense siRNAs" (nat-siRNAs). nat-siRNAs direct post-transcriptional gene silencing. In the founding example of post-transcriptional gene silencing directed by nat-siRNA, a pair of cis-NATs, SRO5 and P5CDH, was shown to have antagonistic functions in the regulation of salt tolerance in Arabidopsis (Borsani et al. 2005) . P5CDH is expressed constitutively, while SRO5 is induced in response to salt stress. Once SRO5 is expressed, a 24-nt-long siRNA is produced from the overlapped region of these two genes through the action of DCL2, NRPD1A, RDR6, and SGS3. This siRNA directs the cleavage of P5CDH transcripts, and the consequent terminus is used by RdRP to produce dsRNA. Subsequently, the secondary siRNAs are processed from the dsRNAs by DCL1, and these secondary siRNAs can also target P5CDH messages (Borsani et al. 2005) . Later, another endogenous nat-siRNA, nat-siRNA ATGB2, was found to be specifically induced in Arabidopsis by a bacterial pathogen (Katiyar-Agarwal et al. 2006) . Moreover, endogenous siRNAs derived from NATs have recently been reported in Drosophila melanogaster (Czech et al. 2008; Ghildiyal et al. 2008; Kawamura et al. 2008; Okamura et al. 2008a,b) . siRNAs typically arise from both genomic strands and are usually enriched in overlapping portions of cis-NATs (Czech et al. 2008; Okamura et al. 2008a ). These recent discoveries revealed the unexpected complexity of the regulatory small RNAs and may open a window onto understanding the functions of nat-siRNAs in both plant and animal species.
Since the discovery of the founder example of cis-NATs, SRO5 and P5CDH, NATs have been believed to be an important biogenesis mechanism of endogenous siRNAs (Borsani et al. 2005) . Large-scale analyses in several model species have indicated the widespread existence of cis-NATs (Farrell and Lukens 1995; Lehner et al. 2002; Shendure and Church 2002; Osato et al. 2003; Yelin et al. 2003; Wang et al. 2005; Zhang et al. 2006) . The reported frequencies of cis-NATs in different species vary because the different search criteria were used and the available samples of various sizes were considered. Generally, 5%-10% of all neighboring gene pairs in a genome of question seem to be cis-NATs. In the human genome, 4%-9% of all transcript pairs overlap, while in the murine genome, 1.7%-14% have been reported to be overlapping (Lehner et al. 2002; Shendure and Church 2002; Yelin et al. 2003) . Much effort has been devoted to discovering NATs in Arabidopsis. A transcriptome analysis with whole-genome tiling arrays has detected antisense expression of 7600 transcripts, which are roughly 25% of all annotated genes ). An in silicon analysis using the Arabidopsis UniGene (Build 45) data set and genome annotation data (tair5 version) predicted 1340 potential cis-NAT pairs in Arabidopsis, and further analysis of full-length cDNAs and massively parallel signature sequencing (MPSS) data confirmed sense and antisense transcripts of 957 cis-NAT pairs (Wang et al. 2005) . Based on some qualitative criteria, these studies concluded that the majority of cis-NATs showed highly anticorrelated expression Wang et al. 2005) . However, there are counterexamples or exceptions; some independent studies did not find any evidence of anticorrelated expression, in general, to be greater than expected by chance (Jen et al. 2005; Henz et al. 2007 ). Henz et al. (2007) found anticorrelation of cis-NAT expression in only a small number of cis-NAT pairs. Thus, the general biological functions and regulatory mechanisms of cis-NATs remain elusive. In addition to cis-NATs, 1320 putative trans-NATs in Arabidopsis have been recently reported . Interestingly, a substantial number of transcripts were predicted to form both cis-NATs and trans-NATs, suggesting that antisense transcripts may form a complex regulatory network , which idea, nevertheless, needs to be further investigated.
If a pair of cis-NATs or trans-NATs is coexpressed in the same cells under the same conditions, they may form a doublestranded RNA duplex, which would presumably be necessary for them to spawn endogenous siRNAs. However, there are currently few data to support the coexpression of cis-NAT or trans-NAT pairs in individual cells. The advent of high-throughput sequencing techniques made it efficient to profile, in genome scale, all small RNAs species including nat-siRNAs. Rajagopalan et al. (2006) recently applied high-throughput pyrosequencing to analyze small RNAs in Arabidopsis. More than 340,000 unique small RNA sequences were obtained from libraries from whole seedlings, rosette leaves, whole flowers, and siliques . They also noticed that some protein-coding genes in Arabidopsis had a particularly high propensity for spawning small RNAs. Eleven of the top 20 hotspot genes of siRNAs in Arabidopsis were found to be convergently transcribed with neighboring genes. These include an antisense gene pair, At2g16580/ At2g16575. Both genes have open reading frames (ORFs) with unknown functions, with one ORF falling largely within an intron of the other ). With the same highthroughput sequencing technique, Kasschau et al. (2007) profiled and analyzed small RNAs for silencing pathway mutants with defects in three RNA-dependent RNA polymerase (RDR) and four Dicer-like (DCL) genes. Our recent study of cis-NATs in Arabidopsis identified 1008 cis-NAT pairs of protein-coding genes (Jin et al. 2008) . A further analysis of small RNA data sets obtained by high-throughput sequencing techniques found that at least one gene in 646 pairs out of these 1008 cis-NATs generates small RNAs under certain conditions or in certain development stages (Jin et al. 2008) . Moreover, high-throughput sequencing techniques have also been applied to study endogenous siRNAs in Drosophila melanogaster (Czech et al. 2008; Ghildiyal et al. 2008; Kawamura et al. 2008; Okamura et al. 2008a,b) . These sequencing-based profiling techniques have successfully discovered miRNAs that have escaped earlier detection because they are not well-conserved in related genomes or they are expressed with low abundance (Berezikov et al. 2006; Lu et al. 2006; Ruby et al. 2006 Ruby et al. , 2007 Fahlgren et al. 2007; Sunkar et al. 2008) .
In this study, we take advantage of two complementary approaches, computational analysis and high-throughput sequencing, to study cis-NATs and trans-NATs in the model plant species Oryza sativa. First, we perform a genome-wide computational analysis to identify cis-NATs and trans-NATs in O. sativa. Then, we deep-clone small RNAs in seedlings of O. sativa grown under normal and stress conditions and apply a high-throughput pyrosequencing technique to sequence and profile small RNA species (Margulies et al. 2005) . Finally, we identify and analyze the small RNAs derived from the identified NATs. Different from recent studies of nat-siRNAs in Arabidopsis, which only focus on 
Results and Discussion

Antisense transcript pairs in O. sativa
In order to analyze small RNAs spored from NATs, we first identified cis-NATs, which are located at the same or adjacent loci. The O. sativa genome contains 67,450 transcription units based on the version 5 annotation from TIGR (http://www.tigr.org). To identify potential NAT pairs, we compared the genomic loci of all annotated transcription units to search for gene pairs that overlap in an antiparallel manner. As shown in Table 1 , 530 pairs of neighboring transcription units are reverse-complementarily overlapped. According to the directions of the involved transcription units, cis-NATs can be categorized in three groups, "convergent" (with 3Ј-ends overlapped), "divergent" (with 5Јends overlapped), and "enclosed" (with one transcription unit being entirely overlapped by the other) cis-NATs. Among the 530 cis-NAT pairs, 514 (97%) are arranged in the convergent orientation, and 16 (3%) are enclosed cis-NATs, but none of them is divergent (see Table 1 ). Plant genomes contain many transposable elements. In O. sativa, more than 24,000 transcription units annotated by TIGR are transposons. In some of the cis-NATs (44, 8%), both transcription units are transposons, and in some other cis-NATs (142, 27%), one transcript is a transposon. As we expected, the majority of cis-NATs (344, 65%) are from proteincoding genes that are not found in any transposons. Since many transposons also code for protein-coding genes, in the rest of this paper, "protein-coding genes" refer to the subset of proteincoding genes not found in any transposons.
The number of cis-NATs that we identified in O. sativa is lower than what was previously reported for Arabidopsis. A previous study of adjacent genes in Saccharomyces cerevisiae suggested that there may be evolutionary pressure to select against convergent genes (Dujon 1996) . Since O. sativa has a much larger genome than Arabidopsis and both genomes encode a similar amount of transcription units, we expect rice to have fewer cis-NATs. Moreover, we identified 514 convergent cis-NATs but no diverged cis-NATs. A plausible explanation for this is that transcriptional exclusion mechanisms are preferentially inhibitory to transcriptional initiation. We also note that our analysis may underestimate the number of cis-NATs in O. sativa, because the current rice genome annotation may still lack the extreme 5Јends and 3Ј-ends for many transcripts and even miss some transcription units.
Besides cis-NATs, which are derived from the same genomic loci, there are many trans-NATs, which are produced by transcription units from distinct genomic regions. As a major group of antisense transcripts, trans-NATs also widely exist and may have important functions. We performed a genome-wide screen of trans-encoded NATs in O. sativa. Specifically, we searched for transcript pairs sharing sequence complementarities using NCBI BLAST. Two transcripts were considered as a trans-NAT pair if their overlapping region was longer than 100 nt and could form RNA-RNA duplexes. We classified the resulting trans-NATs into three categories based on their origins. The first category contains 7142 trans-NATs originated all from protein-coding genes, the second has 25,677 trans-NATs from the combinations of transcripts of protein-coding genes and transposons, and the third category includes 504,935 trans-NATs composed purely of transposons.
Small RNAs derived from NATs
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( Borsani et al. 2005) . We expected more cis-NATs to be underlying various abiotic stress and also anticipated identifying more NAT-associated siRNAs in O. sativa that are related to drought and salt stresses. We thus performed a pyrophosphate-based, high-throughput sequencing experiment to profile small RNAs in O. sativa under drought and salt stresses and the normal condition and obtained a total of 714,202 raw sequence reads. Specifically, 58,781, 43,003, and 80,990 unique small RNAs from the control, drought, and salt libraries, respectively, match perfectly to the rice genome (see below for details). We searched in our three libraries for small RNAs that match 100% to the putative cis-NATs and trans-NATs discussed above. We found 49 cis-NAT pairs and 4769 trans-NATs whose overlapping regions spawned small RNAs in at least one of our three libraries. In addition to our three small RNA libraries, we also searched two public data sets, MPSS (Nobuta et al. 2007 ) and CSRDB (Cereal Small RNA Database) (Johnson et al. 2007 ), for small RNAs with a 100% match to O. sativa cis-NATs and trans-NATs. Specifically, we identified 84 cis-NATs and 5190 trans-NATs whose overlapping regions match small RNAs in the MPSS data set, and two cis-NATs and 2338 trans-NATs that match small RNAs in the CSRDB data set. In total, for 108 cis-NATs and 7141 trans-NATS, we found small RNAs in at least one of the three data sets with a 100% match to their overlapping regions. Supplemental Table S1 shows the number of unique small RNAs derived from cis-NATs and trans-NATs in different stages or under different conditions in all three data sets. In summary, 2592 unique small RNAs match 323 pairs of cis-NAT genes, and 56,790 unique small RNAs match 7141 pairs of trans-NAT genes.
Among these 49 cis-NATs matching small RNAs in our libraries, 40 (81.6%) are specific to one of the three conditions, that is, 11, 13, and 16 of these 49 cis-NATs exclusively match small RNAs in the control, drought, and salt libraries, respectively. In addition, three of the 49 cis-NATs appear in the control and drought libraries, four match small RNAs in the control and salt libraries, and two match those in the drought and salt libraries; but none of them appears in all three libraries. Supplemental  Table S2 lists these 49 cis-NATs, the conditions under which they spawn siRNAs, and the annotation of the genes involved. Similar observations of cis-NATs were also obtained in the MPSS data set. Table 2 , most cis-NATs produce small RNAs in specific developmental stages/tissues. All these observations suggest that small RNAs derived from cis-NATs are associated with specific conditions or developmental stages. However, as shown in Supplemental Figure 1 and Supplemental Table S3 , the trans-NATs related to specific conditions are relatively few when compared with the trans-NATs that generate small RNAs under all conditions.
As shown in
To further explore whether NATs exhibit a higher likelihood to give rise to small RNAs than other protein-coding genes, we computed the density of small RNA loci in the overlapping regions, along the whole regions of the genes involved in NATs and along the whole regions of all protein-coding genes in the O. sativa genome, respectively, in all three data sets. Here, the density is the number of small RNA loci within 1 kb. As shown in One strand of the NATs spawns at least twofold more small RNAs than the other. The densities of small RNA loci in the whole regions of cis-NAT genes and in whole regions of all protein-coding genes are similar. Nevertheless, small RNAs appear to be enriched in the overlapping regions of cis-NATs. The density of small RNA loci in overlapping regions is at least three times greater than that in the whole regions of cis-NATs. This is consistent with earlier reports about derivation of small RNAs from cis-NATs (Henz et al. 2007 ). We further assessed the statistical significance of the enrichment of small RNA loci in the cis-NAT overlapping regions with Pvalues obtained by a randomization procedure (see below). The small P-values in Table 3 suggest that the enrichment of small RNA loci in the overlapping regions is statistically significant. The case for trans-NATs is more complicated. In all the data sets, small RNAs are enriched in overlapping regions of trans-NATs. The density of small RNA loci in the overlapping regions is fivefold and sixfold greater than that in the whole regions of trans-NATs and all protein-coding genes, respectively. The enrichment of small RNA loci in trans-NAT overlapping regions is statistically significant, with their P-values being <0.0001 (Table 3) . However, the density of small RNA loci spans a broad range across different data sets. For example, in the small RNA library that we profiled under the normal condition as control, the density in the whole regions of trans-NAT genes is about twofold that in the whole regions of all protein-coding genes. But, in the other two libraries that we sequenced, the MPSS data set and the CSRDB data set, there is little difference in density between the whole regions of trans-NAT genes and all protein-coding genes.
Characteristics of small RNAs derived from NATs
In D. melanogaster, two genes on the opposite strands of cis-NATs contribute approximately the same number of small RNAs (Czech et al. 2008; Ghildiyal et al. 2008; Kawamura et al. 2008; Okamura et al. 2008a,b) . However, in our study, we found that the majority of cis-NATs and trans-NATs spawn small RNAs only from one gene in a NAT pair. Specifically, among the 58 pairs of cis-NATs that produce small RNAs in our three libraries, 52 generate small RNAs only from one transcript of the pair, two cis-NATs generate at least twofold more small RNA reads from one transcript than the other in the pair, while only four spawn small RNA reads roughly equally from both strands. Here, these numbers of cis-NATs are different from the numbers described above since several cis-NATs give rise to small RNAs in more than one library. As shown in Table 4 , in the MPSS data set, cis-NATs also produce small RNAs with a strand bias. Moreover, a similar observation on trans-NATs was also obtained. In all the data sets, the majority of trans-NATs prefer one strand in the pair to spawn small RNAs. Endogenous small RNAs from cis-NATs in D. melanogaster have been shown to be included in the AGO2 complex (Kawamura et al. 2008 ). However, no direct evidence has been collected for which Argonaute complexes are associated with plant nat-siRNAs. In Arabidopsis, sorting of small RNAs in Argonaute complexes is likely to be directed by the 5Ј-terminal nucleotides (Mi et al. 2008; Montgomery et al. 2008) . AGO2 and AGO4 preferentially recruit small RNAs with a 5Ј-terminal adenosine (Mi et al. 2008) . However, no similar study on O. sativa has been reported so far. To gain further insight into endogenous small RNAs in O. sativa, we analyzed the lengths and 5Ј-terminal nucleotides of small RNAs derived from cis-NATs and trans-NATs in the three libraries that we sequenced. As shown in Figure 1 , >40% of the small RNAs from NATs have an "A" as their 5Ј-terminals. We further computed the natural logarithm odds ratios (Agresti 1996) of cis-NAT and trans-NAT small RNAs to all small RNAs that are not mapped to any NATs. Specifically, the log odds ratios of cis-NAT and trans-NAT small RNAs are 0.48 and 0.44, respectively. We also analyzed the first nucleotide frequencies in the total reads of NAT-derived small RNAs and obtained very similar results. These NAT-derived small RNAs also have a detectable 21-nt length bias, even though their lengths spread over a wide range from 17 to 31 nt (Fig. 2) . It has been reported that different biogenesis mechanisms of small RNAs in Arabidopsis will generate small RNAs with different sizes (Xie et al. 2004; Pontes et al. 2006) . However, no such study on O. sativa has been reported.
Networks formed by NATs
It has been reported that several Arabidopsis genes are involved in two cis-NATs. One is a convergent cis-NAT with overlapped 3Јends, while the other is a divergent cis-NAT with overlapped 5Ј-ends (Wang et al. 2005; Jin et al. 2008) . In general, one transcript in a cis-NAT pair has only one antisense partner, and we did not find any gene with more than one cis-NAT in O. sativa. However, 162 of the 688 genes involved in the 344 cis-NATs also formed trans-NATs with other genes. Moreover, one transcript may have more than one antisense transcription partner at a different location to form more than one trans-NAT. As discussed above, we identified 7142 trans-NATs with overlapping regions >100 nt in O. sativa. Of these, 7141 spawn small RNAs in at least one of the data sets that we studied. These trans-NATs consist of 4753 genes, among which 271 (11%) genes have at least 10 antisense transcription partners, 2028 (37%) have more than one but fewer than 10 antisense partners, and the remaining 2454 Theoretically, multiple paralogous genes may form RNA duplexes with the same antisense transcripts. We further analyzed the structures of possible networks formed by these 7141 trans-NATs. The first is a star structure (see Fig. 3 for an example). LOC_Os03g46690, encoding an F-box-domain-containing protein, forms trans-NATs with 12 other transcripts. The Gene Ontology (GO) annotations of these 12 genes are listed in Figure 3B . Eleven of these 12 antisense transcripts are reverse-complementary to the same region of LOC_Os03g46690, while the last one base-pairs with a different region of this gene. This example shows that a transcript may pair with more than one antisense transcript at different locations of its sequence. Another type of structure can be represented by a bipartite graph as shown in Figure 4 . Trans-NATs involved in this kind of network have many-to-many relationships. The two networks shown in Figure  4 may function in regulation of the photosynthesis process. We did not find any clique structure formed by three genes in the trans-NAT network.
Networks formed by NATs reflect the complexity of their post-transcriptional regulation. However, under certain conditions, some genes may not be transcribed. Thus, many NAT pairs may not appear under specific conditions. As discussed, we applied the 454 high-throughput sequencing technique to identify small RNAs induced by salt and drought stresses. Eight-hundred-two and 866 trans-NAT pairs specifically spawn small RNAs under drought and salt stress conditions, respectively. We used an enrichment analysis of Gene Ontology (GO) terms (The Gene Ontology Consortium 2004) to functionally characterize these two sets of condition-specific trans-NATs. The 802 drought-specific trans-NAT pairs are formed by 1056 genes. Only 429 of these 1056 genes have function annotation. The 866 salt-specific trans-NAT pairs consist of 987 genes. Similarly, only 442 of these 987 genes have been annotated. As shown in Supplemental Figure 2 , among GO terms related to biological processes, "cellular process," "metabolic process," and "response to stimulus" are the three most enriched terms in both sets of genes that form drought-and salt-specific trans-NATs. "Binding," "catalytic," "transcription regulator," and "molecule transducer" are the four most enriched GO terms that are related to molecular functions. All these enriched GO terms have P-values < 0.001, which were obtained by a hypergeometric distribution test. When Bonferroni correction was applied, the enrichment of these GO terms is not statistically significant. The main reason is that the function annotation of O. sativa genome is very preliminary, so the GO terms that we obtained are very general, and most analyzed genes have not been annotated yet.
UDP-glucosyl transferase family proteins are important enzymes for catalyzing transportation of sugars. In Arabidopsis, it Cold Spring Harbor Laboratory Press on February 4, 2020 -Published by genome.cshlp.org Downloaded from has been reported that 44 of 115 UDP-glucosyl transferase family members have one or more pairing trans-NATs, and five of these 44 genes also have putative cis-NATs . Another 13 UDP glucosyl transferase genes have pairing cis-NATs only . In O. sativa, 28 genes have been annotated as UDP-glucosyl transferase proteins. Our analysis showed that 10 of these 28 genes form trans-NATs with their antisense partners, and two of them have putative cis-NATs. This implies that regulations of some biological processes through the mechanism of NATs may be conserved to a certain degree.
Methods
Data sets
Genomic sequences and annotation information of version 5 of the O. sativa genome were downloaded from the TIGR Plant Genomics Database (http://www.tigr.org).
We included three sets of genome-matched small RNAs. The first set of small RNAs was cloned and sequenced in this study with the 454 high-throughput sequencing technique. Our small-RNA sequence data have been deposited into the NCBI GEO database with access number GSE12317. The second set of 11,809 sequences was downloaded from the CSRDB (Cereal Small RNA Database, http://sundarlab.ucdavis.edu/ smrnas/) (Johnson et al. 2007) . The third set of MPSS 320,531 17-bp signature sequences was retrieved from the University of Delaware (http://mpss. udel.edu/rice/?) (Nobuta et al. 2007) . This data set contains six libraries constructed in different development stages or with certain stress treatments.
Search for cis-NATs and trans-NATs
Putative cis-NATs were identified on the basis of O. sativa genome annotation. If a pair of overlapping genes was located on opposite strands at the same locus of the genome and the overlapped region was longer than 30 nt, they were considered as a cis-NAT pair.
Trans-NATs were identified by pairwise alignment of transcripts to search for transcript pairs with high sequence complementarity to one another. In this study, a pair of transcripts from different genomic loci was considered as a trans-NAT if they satisfied the following two criteria: they have a continuous perfect pairing region longer than 100 nt, and their overlapping region can form an RNA-RNA duplex. We applied a computational tool, DINAMelt (Dimitrov and Zuker 2004; Markham and Zuker 2005) , to inspect whether the overlapping regions of a trans-NAT pair can melt into an RNA-RNA duplex in silico. Some protein-coding genes contain transposons in their introns. In order to exclude the effect of intronic transposons on the identification of trans-NATs, for these genes, we performed a trans-NAT search on the coding sequences, which do not include any introns and untranslated regions.
Small RNA sequence profiling and analysis
Four-week-old rice seedlings were dehydrated for 12 h (drought stress), treated with 150 mM NaCl for 24 h (salt stress), or grown under normal conditions (control). Three corresponding small RNA libraries were constructed from these three samples as described previously (Sunkar et al. 2008) . Briefly, total RNA was isolated from the frozen seedlings by using TRIzol (Invitrogen) according to the manufacturer's instructions. Low-molecularweight RNA was enriched by NaCl and PEG precipitation. About 100 µg of low-molecular-weight RNA was separated on a denaturing 15% polyacrylamide gel. Labeled RNA oligonucleotides with 18 nt and 26 nt were used as size standards. The RNAs from 18 to 26 nt were excised, purified, and ligated with adaptors. Reverse transcription was performed after ligation with adapters, followed by PCR amplification (Sunkar et al. 2008 ). These three libraries were sequenced with the 454 high-throughput pyrosequencing platform (Margulies et al. 2005) at 454 Life Sciences. A total of 714,202 raw sequence reads from three independent libraries were parsed to remove the 5Ј-and 3Ј-adaptors. In total, 54,016, 174,530, and 102,876 sequence reads that match TIGR version 5.0 rice genome sequences (http://www.tigr.org) were obtained from drought, salt, and control libraries, respectively. After removing sequences that could map to rRNA, tRNA, and sn/snoRNA, we obtained 58,781, 43,003, and 80,990 unique small RNAs that match perfectly to the rice genome from the control, salt, and drought libraries, respectively. The estimated breakdown products were varied in the range of 5%-8% among the three libraries. Note that the 454 sequencing techniques may result in small insertions and a small number of mismatches. If we allowed one unmatched nucleotide, we obtained 3912, 3334, and 6382 additional mapped reads in the control, drought, and salt libraries, respectively. The remaining sequences that could not be mapped to the O. sativa genome were discarded. Possible reasons for the unmapped sequences are as follows: these sequences may contain too many sequence errors, they may be affected by RNA editing, they may be derived from the unsequenced genomic regions or splicing junction sites of cDNAs that have not been characterized, or they are simply contaminants.
To provide candidate data sets of small RNAs that match protein-coding genes, we also removed small RNAs that match transposons, retrotransposons, or repeats in the TIGR rice genome annotation. We then extracted five sets of small RNAs from the candidate data sets for each of the three libraries: small RNAs that match any protein-coding genes; small RNAs mapped to the full-length sequences of any genes involved in cis-NATs and trans-NATs, respectively; and small RNAs matched to the overlapping regions of cis-NATs and trans-NATs, respectively. The last set of small RNAs was considered as cis-NAT-or trans-NATderived small RNAs.
Enrichment of endogenous small RNAs in the overlapping regions of NATs
For each NAT (i.e., cis-NATs or trans-NATs), we computed the densities of small RNA loci in the overlapping region and along the whole regions of the two NAT genes as follows: We first counted the number of unique small RNAs, N o , mapping to the overlapping region and the total number of unique small RNAs, N g , matching the two genes. Then we measured the length of the overlapping region, L o , and the sum of the length of the two genes, L g . Finally, the ratios N o /L o and N g /L g were considered as small-RNA locus densities in the overlapping regions and the whole regions of the NAT genes, respectively. For each data set described and each library constructed in this study, we computed the average densities in the overlapping regions (A o ) and along whole regions of the NAT genes (A g ) that spawn small RNAs. The ratio A o /A g was used as the enrichment score.
The significance of the enrichment of small RNAs in the overlapping regions of NATs was quantified by the probability that the enrichment is more than that in arbitrary regions (with the same length of the NAT overlap regions) of a set of randomly chosen gene pairs; the smaller the probability, the more statistically significant the enrichment. This probability was taken as the P-value of the enrichment. To estimate this P-value, we adopted a randomization procedure. Briefly, we first computed the enrichment score (ratio of A o /A g ) and the average length of the overlapping regions, l, of a given set of n pairs of NATs. Secondly, we arbitrarily chose n pairs of protein-coding genes in the genome. For each pair of genes in the arbitrary set, we randomly chose a region of length l from each gene in the pair and treated it as the "overlapping region." Then, following the steps described above, we computed the enrichment score of the arbitrary set, which constituted one sample of the randomization procedure. We collected a large number of such samples, specifically, 10,000 in our study. We then estimated the P-value by the frequency that a sample has a bigger enrichment score than that of the given set of NATs.
Functional gene analysis
The statistical significance of enrichment of a GO term t was measured by a cumulative hypergeometric test (Altman 1991) . Given M genes in a genome (e.g., O. sativa), assume that N of these M genes have a particular property (e.g., involved in saltspecific trans-NATs), m of the M genes in the genome contain term t in their annotations, and n of the N genes (which are involved in salt-or drought-specific trans-NATs) have the term t in their annotations. We calculated a P-value for the statistical significance of the GO term t as the probability under which we would expect at least n genes to have t if we randomly selected m genes from the given M genes in the genome. Specifically, the P-value was computed as follows:
